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ABSTRACT
The need for a semi-precision dilatometer to determine the co-
efficient of cubical thermal expansion directly from production-lot
samples of solid explosives and propellants has become evident in view of
critical dimensions and greater operating-temperature ranges of these
materials. The dilatometer is fabricated from glassware and operates
on the principle of displacing a volume of mercury in a capillary tube.
Operating procedures for the dilatometer are set forth in detail and are
applicable to all solids, including high explosives and propellants.
The writer wishes to express his appreciation for the assistance
and initial direction given him by Dr. C. D. Lind and personnel of the
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an individual component of the system

1. Introduction
The basic physical properties of explosives are often overlooked in
favor of those relative properties which define their characteristics
such as sensitivity and brisance. Among these neplected properties is
the coefficient of thermal expansion. This earlier neglect is easy to
justify in view of the somewhat limited temperature range under which an
explosive was exposed, and the lack of any critical dimensional toler-
ances. This neglect also is apparent in the early approach to solid
propellants; grains were small, loading was not critical and temperature
exposures were limited.
With the entrance of the guided missile, the entire picture of the
solid explosive and propellant has changed. The propellant has increased
in size and its burning characteristics are largely controlled through
critical grain configurations. The explosive warhead must withstand
temperatures almost to its point of detonation. It becomes apparent
that thermal expansion is now a property of some interest; in certain
cases it is perhaps a critical factor in ultimate performance. Propel-
lants and explosives have physical properties closely related to plastics;
even a plastic such as methyl methacrylate, with a reasonably low co-
efficient of expansion will show approximately a two percent increase
in volume under a 100°C change in temperature. If this effect were in-
creased several times and applied to the propellant grain in the last
stage of a space missile, the result might change the grain configuation
completely—and its performance. A similar situation in the case of the
solid explosive might produce very unpredictable results. The need for
more information on thermal expansion should be apparent.

To complicate the picture further, explosives and propellants are
developing as mixtures rather than pure compounds; research activities
will be handling several formulations at a time to judge their relative
performance. Determining one set of physical properties will not suf-
fice; a continuous process of measurement must be in operation to deter-
mine the production-lot properties of that particular mater ial
The proposed dilatometer is one approach to fulfilling these needs.
Its size can be varied to accomodate any size of sample; the dilatometer
tested had a volume capacity of about 35 cubic centimeters. Its accuracy
is estimated to be within five percent and should be capable of improve-
ment by the use of more elaborate measuring devices and by taking more
observations. Operating procedures are simple and the apparatus can be
adapted for remote observation of high explosives should they be tested
at high temperatures.
2. Dilatometer assembly
This dilatometer is an adaptation of an instrument described in
ASTM Test D 86u-$2 [1], "Test for the Coefficient of Cubical Thermal Ex-
pansion of Plastics". The primary difference is that the procedure of
sealing the bulb directly could not be applied to explosive, or combustible
materials.
Fig. 1 shows the assembly of the dilatometer. All glassware is
Pyrex brand 77hO or similar borosilicate glass []2j, having a linear
coefficient of expansion of 32.5 x lO"7/ ^ Usc of Vvcor brand 7900





























FIGURE 1 — DILATOMETER ASSEMBLY
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It should be noted that the specimen bulb is split into two sec-
tions and joined by a spherical ball and socket ground gLass joint. This
joint should be hand-ground carefully with a fine grinding compound to
insure a tight and accurate fit. The "dimples" placed in the top sec-
tion of the specimen bulb are to prevent the sample from blocking the flow
of mercury into the capillary section.
The location of the capillary index is arbitrary, as it will be
used as the reference position for measurements taken on the capillary.
The bulb index mark should be located at the immersion level necessary
to cover all glassware which is a part of the closed system.
Two types of stop-cocks were investigated for use on the mercury
filling connection. The more satisfactory was a Kern-Exelo type having
a flat ground glass surface, requiring no lubricant and safe from being
inadvertently loosened. Use of a lubricated stop-cock will result in
contamination of the mercury. It is desireable to have a mercury reser-
voir which is detachable from the dilatometer proper; use of an excess
amount of mercury will assist in the initial filling of the system.
A water temperature bath was used with regulation to i .01 °C.
Temperatures were measured to i .01 °C with a mercury thermometer which
had been calibrated with a thermometer certified by the National Bureau
of Standards.
Determination of the movement of the mercury meniscus was accom-
plished with a precision cathetometer, accurate to ± .00£ centimeters.
Support for the dilatometer must be fixed with reference to the
cathetometer; ease of removal must be considered as well as damping of
any vibrations from equipment used in the temperature bath.

3. Dilatometer Parameters
For any individual dilatometer, three parameters must be deter-
mined: the volume of the specimen bulb (V ), the area of the capillary
at any point along its length (A), and the effect of the volume of the
glassware and its coefficient of expansion (V~, a ). Appendix I shows
o g
the basic relationships between these parameters.
The volume of the bulb is determined by filling the system to the
bulb index with mercury, bringing it to a constant temperature, removing
the mercury and determining its weight. Volume can be determined to one
part per thousand using a trip-balance.
The cross-sectional area of the capillary is critical in regard to
the final results. The approach to this problem will vary with the
accuracy desired of the apparatus and the condition of the capillary.
Appendix II details the procedures used for these experiments where it
was necessary to determine the cross-sectional area with good accuracy.
What is the effect of the coefficient of expansion of the glass-
ware on the system? ASTM Test D 86U-52 uses the volume of the specimen
bulb as being equal to the volume of the glass, and a value of the coef-
ficient of expansion equal to 1.00 x 10 /°Cj these assumptions may
lead to error. Owen, White and Smith £V], in their work in determining
the density of water, conclude that the coefficient of expansion of glass
will have noticeable deviations after fabrication. Therefore, the effect
of the volume of the glass and its coefficient of expansion must be de-
termined; this effect, stated in relation to one particular bulb, over a
definite temperature range, can be determined by conducting a calibration
operation using mercury alone in the system. Procedure for this is
5

detailed in Appendix III.
One other effect is present but its overall variation on the re-
sults would be negligible. This is the change in temperature of the
mercury in the capillary and its corresponding effect on the expansion
of the mercury and capillary glassware. It is assumed that this would
be very small in view of the volumes concerned.
U. Sample Parameters and Test Conditions
Determining a coefficient of expansion for the sample under test
will be a cumulative result measured in terms of the initial volume and
the change in volume with a change in temperature. It should be realized
that the results are in no way a measure of any absolute quantity unless
the preceding history of all samples is identical. Due to the nature of
the materials being studied, the coefficient of expansion will be in a
range of values which are dependent on moisture content, processing method,
internal stresses and environment history. Information obtained from the
dilatometer will be dependent largely upon the arbitrary test standards
established. The primary consideration is that the samples under test
arrive at the dilatometer under definite and known conditions.
The samples tested had unknown histories but were subjected to a
conditioning period to evaluate this effect on the coefficient of expan-
sion. Other than this, the effect of environment history was not eval-
uated.
The conditions under which the test is conducted are likewise
arbitrary but the following considerations should be observed. A temp-
erature range should be selected which will permit utilization of the

Xentire capillary j this can be estimated on the basis of the sample size
and expected change in volume of the system. The initial temperature so
determined will be used in measuring the initial volume of the sample
bulb and in evaluating the effect of the expansion of the glassware
during the calibration determination. It must be assumed that the co-
efficient of expansion is essentially constant over this range.
For the tests conducted, a temperature range of 25°C. was selected.
This was largely determined by the regulation of the water bath, and
sample size was varied to make use of the selected portion of the cap-
illary. The initial temperature was arbitrarily set at 25°C.
5. Treatment of Data
The primary consideration in regard to the data obtained during the
testing of the dilatometer was the evaluation of the assembly and proce-
dures rather than any specific coefficient of expansion. Therefore, the
methods employed in processing the data were specifically chosen to pro-
vide statistical estimates for evaluating overall performance. These
procedures are covered in detail in Appendix III and, although tedious
to perform, will produce the data necessary for a good statistical
analysis. The variation in the cross-sectional area of the capillary can
make the processing of data somewhat difficult, however several approaches
may be made to this problem. The difference in the final answers will not
be significant.
The first method determines the coefficient of expansion in one
step by using average values for A x /At and the area; the average value
for /^x /AT is computed from individual observations and the average value

for the area is that value which was determined by the procedure out-
lined in Appendix II. Observations must be made over the entire capil-
lary section which was used in determining the average value of the area.
A slipht variation in this method is to obtain & x /Z^T by plotting each
observation on coordinate graph paper and determining the slope of the
line. This method is illustrated in Fie. 2 for typical test data. The
second method involves several calculations with an average value being
taken as the coefficient of expansion. For each observation the coeffic-
ient of expansion is calculated from the /^x /AT observed, using the best
estimate of the area at the mean location in the capillary over which the
expansion occurred.
These methods are satisfactory for determining the cofficient of
expansion; for a study of the effects on a particular coefficient under
varying conditions, the statistical method outlined in Appendix III will
be more reliable.
6. Results
The results, thoufji not conclusive, are sufficiently accurate and
reproducible. These are based on the data obtained from testing mercury,
Pyrex glassware and methyl methacrylate plastic under conditions which
would provide the most useful data, and evaluating these data at a level
of significance of five percent. A sufficient number of observations were
made in each case to insure that the probability of accepting an erroneous
result would be low.
In the determinations conducted with mercury alone in the specimen
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with a confidence interval of i .15 x 10~5/°Cj the accepted value of the
cubical coefficient of expansion [YJ is 1B.19U x 10"V°C. The value de-
termined was not significantly different.
The determinations using mercury as a standard established that
the expansion of the glassware will not introduce any significant error
if the coefficient of expansion of Pyrex is assumed to be 1.00 x 10 /°C
and the effective volume of the glassware is assumed to be that of the
specimen bulb.
The reproducibility of the apparatus was established by testing a
Pyrex glass rod, since it proved to be the least susceptible to varia-
tions in conditioning. On separate determinations a value of .962 x 10" ->
/ C with a confidence interval of ^.29U x 10*V°C was found to be in
agreement with the derived value of .975 x 10"V°C, which value is three
times the linear coefficient of expansion. \2J However, the significant
part of these determinations was that there was no difference in the values
determined on separate runs. The large confidence interval is the result
of an unfortunate choice of samDle size, a factor which was not known at
the time of the test.
In later runs, the sample size was varied to study the effect on
sample deviation. It would appear that deviation will be approximately
proportional to the ratio of the volume of the specimen bulb to the vol-
ume of the sample. In assembly of the apparatus, the specimen bulb should
be of a size which will just accomodate the sample and its anticipated
expansion.
Conditioning of samples will have a marked effect on the results.
This was determined from the methyl methacrylate samples using a
10

constant temperature oven set at $0 °C and varying the time in which
each sample was conditioned. One run was started on an un-conditioned
sample; the initial expansion was in the order of 30 x 10"V°C and the
run was secured when the expansion indicated a sudden decrease of 20$.
Samples which were conditioned for UB hours had a value of 21.600 x
10"^/°C and a confidence interval of i .223 x 10"^/oG; on successive
conditioning periods there was a significant decrease. Samples which
were conditioned for one week or more had a value of 20.6 x 10~-v°C
with a confidence interval of ± .I8J4 x 10"^/°C. There was no signifi-
cant change for successive conditioning periods. Methyl methacrylate
molding compound [5J has a specific gravity of 1.17-1.20 g/ml and a
linear coefficient of expansion of 5 - 9 x 10"-V°C; using the usual
approximation, this would be a cubical coefficient of 15-27 x 10"V°C «
The specific gravity of the samples tested was 1.18 g/ml. On this
basis, the values determined are reasonable and of the correct order.
In summary, the test results would tend to indicate that the
dilatometer is capable of accurate determinations, within five percent,
and good reproducibility provided the sample size is chosen correctly
and a conditioning period is used for plastic-like materials. One
other aspect was developed as a result of the tests; this concerns the
optimum number of observations. Since this is pertinent to specific




The equipment as assembled and operated with corresponding data
treatment will satisfactorily fulfill the original concept of the
dilatometer. There are however certain aspects which should be pur-
sued more extensively.
The first of these would be a study of the variation of the ex-
pansion of the glassware in regard to time. Once a determination has
been made to an elevated temperature, how long must the equipment be
permitted to rest before it will return to the original dimensions?
One important feature may be the rate of change of temperature. This
was brought out during the course of the experiments. One sample was
subjected to a gradual temperature increase over a period of 12 hours.
On completion the equipment was permitted to cool to room temperature.
The following day the temperature bath was heated to the previous temp-
erature at its maximum rate. Upon reaching that temperature, the position
of the meniscus was three centimeters higher, and it remained thus for
2U hours. No attempt was made to evaluate this effect, but it was taken
into consideration during later determinations in that all runs were
uninterrupted by cooling intervals and all temperature changes were
in gradual steps.
One uncompleted objective was the determination of "growth" tend-
encies in plastic materials. The actual determination of the volume of
the specimens lacked sufficient accuracy to reveal any detectable changes,
but a volume change of approximately 3.0 x 10"^ cm-* can be detected in the
capillary using the equipment described. Provided the previous effect
can be evaluated, this suggests that the dilatometer would be suitable
12

for a study of "growth" tendencies under cyclic environment changes.
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The change in volume of the system is equal to the sum of the
chanpe in each of the individual components,
A Ax =^Vi ai4T
A Ax/AT = Vm am -f-Vs a s - Vg ag ,
s.
Rearranging,
A A ' V V
a s = Ax - _n_\j._£~*„



























METHOD OF DETERMINING CROSS-SECTIONAL AREA OF CAPILLARY
In addition to norrtal variations in cross-sectional area along the lenfcth
of the capillary, it will be found that there is a severe distortion in
the immediate vicinity of the bulb.
The determination of the area was accomplished in the following man-
ner. Approximately five to ten milligrams of mercury was placed in
the capillary by inverting the dilatometer and connecting a vacuum line
to the mercury-filling connection. A two-foot length of vacuum hose
was connected to the capillary stem and closed off; the vacuum was then
removed from the system. By compressing and releasing the vacuum hose it
is possible to move the mercury to any position in the capillary.
The mercury was then moved in increments of one-half its length
throughout the length of the capillary, using the cathetometer to de-
termine the position of the mercury in reference to the capillary index
mark. The procedure was accomplished at room temperature and the variation
in temperature was not sufficient to affect the density of the mercury.
The data were converted to "length-of-mercury" and its mean location
in the capillary. These data were plotted and inspection of the graph
indicated those portions of the capillary which were unsuitable for
accurate determinations. The section of the caoillary between 12.5 and
62. 5> cm was judged to be satisfactory, in that it closely approximated a
linear relationship with the "length-of-mercury".
A second determination was accomolished over this selected portion;
the mercury was removed on completion and carefully weighed to determine
a quantitative evaluation of the area. The results of this second deter-
15

mination are shown in Fig. 3.
The data from the second determination were interpreted as a re-
gression line of the form y - BQ+ B x. Estimates of U.0156 and
.OOh°72 were obtained by the method of least squares [6} for B and B
respectively. The length of the mercury, y, was a linear function of
its location in the capillary, x. Average values for y and x respect-
ively were: U.199 p cm at 37.050 cm from the capillary index. The
estimates of BQ and B were later used in the same form in calculating
the coefficients of expansion of the test samples used in evaluating
the system.
This linear relationship may be used to estimate the length of the
mercury at any point in the capillary for the calculation of the cross-
sectional area. The area thus determined will have a high degree of
accuracy; the 95% confidence intervals for the length of the mercury
were h.078±.006 at 12.5 cm and U. 326 ±.008 at 62.5 cm.
The volume of mercury used in this procedure was determined by
weighing the mercury on an analytic balance with an accuracy of one
* part per thousand. The weight was .1581 grams and the volume was de-
termined to be .01168 cm^, where the density was constant at 13.53U
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The formula derived in Appendix I was not suitable for a statis-
tical study in that the area was to be considered as varying as a func-
tion of the distance from the capillary index (Appendix II). It was
necessary to assume that the coefficients of expansion would be essential-
ly constant over the temperature range studied, and to rearrange the
basic relationships into a form which would permit the problem to be
handled as a regression.
The volume in the capillary as a function of distance, V(x), had
the following relationship to the volume of mercury, V*, used in deter-
mining the estimates of BQ and B (Appendix II).
V(x) »/a(x) dx = f V» dx (1)
Integrating and evaluating at the initial conditions,
B
V( x ) = V* In (L+
D
x) (2)
The volume in the capillary as a function of temperature, V(T), had
the following relationship to the volume of the various components.
V(T) = Vm(T)-r-Vs(T) - Vg( T) = V(x)
» V S(T) = V(x)-f- Vg(T) - Vm(T)
In V S(T) = In [V(x)+ Vg(T) - Vm(T)] (3)
The volume of the individual components, V^ are related to their
coefficients of expansion and temperature by,
a< « dVi1
7i~aT
Integrating and evaluating at the initial conditions, where T-, is the
initial temperature and equal to zero on a relative scale, and the
18

initial volume of the component is V
^
In Vi(T) = ai T+ln V0ji (h)
Combining equations (3) and (h) for the sample under test,
as T+ ln V0j8 = In jv(x) + Vg (T) - Vm(T)J




" Injv(x) + VgfT) - Vm(T) /
In this form the problem reduces to a regression where T is the in-
dependent variable and the In function the dependent variable. Fig. h is
a graphical presentation of the data. Using the method of least squares
\_6 J an estimate of as can be determined, and this in turn can be used with
the various test statistics to evaluate the performance of the apparatus.
For the calibration exercise, using only mercury in the specimen
bulb, it will be necessary to rearrange the above equation to
a m T . In | v(x) + Vg(T)~? (6)
l~ "o,m J
In this exercise, the coefficient of expansion of the glass is assumed
to be 1.00 x 10"V°C s^d the initial volume of the glass is assumed to be
that of the specimen bulb. The values for V(x) and Vg(T) should be
compiled for reference in that these same values will appear in all
computations.
Having determined an estimate of a
s
by the method of least squares,
it is then possible to make the various significance tests nMfor deter-
mining confidence intervals and testing various hypotheses concerning the





The first test statistic was utilized to test the hypothesis that
the estimate of a^ the coefficient of expansion of the mercury, was
equal to 18.19k x lCT-', the accepted value for mercury [Uj. Acceptance
of the hypothesis implies that the apparatus is functioning correctly and
that the assumptions concerning the glassware are significantly cor recto
Another test statistic can be utilized to test the hypothesis that
two estimates of a s are equal. This will provide a measure of the
reproducibility of the apparatus provided that there is good reason to
believe that the coefficients of expansion should not change between
any two runs due to effects other than the reproducibility of the apparatus.
Such is the case of glass samples. This same test can be employed to de-
termine if there is any significant difference due to conditions imposed
on the sample—such as various conditioning periods or changes in com-
position.
The final operation to be conducted is the determination of the
optimum sampling procedure. This will be possible only when the standard
deviation of the In function about the mean of a s T can be estimated
with some confidence. On the completion of several hundred observations,
this was estimated to be 2 x 10"^. Using the applicable operating
characteristics curve \6 J, a level of significance of five percent and
a high probability of rejection when a
s
differed .by more than .$ x 10"^
/ C, the number of observations was found to be approximately 12. This
requires a certain .juggling of the temperatures at which the observations
will be taken, but the optimum number of observations would appear to be
at T equal to zero and three groups of four observations each, spaced one




It should be pointed out that this procedure is applicable to the
dilatometer tested where the temperature range was 2$°C, and the
standard deviation was fairly well known from previous data. This





In general, the following instructions are the step-by-step pro-
cedure with special attention to those points which seemed to affect
the accuracy or were responsible for difficulty in handling the mercury.
The glassware was cleaned very carefully, dried and closed off from
the atmosphere when not in use. This is quite important, as any bubbles
forming on the glassware will completely upset the accuracy of the equip-
ment. This cleanliness must extend to the samples and the mercury as well.
The samples used in the experiments were cleaned with soap and water, dried
in an oven and handled with lint-free tissue paper thereafter. All
mercury used in the tests had been distilled just beforehand.
With the sample in the specimen bulb, assemble the dilatometer and
mercury reservoir for filling and place the system under vacuum up to the
stop-cock of the reservoir. The dilatometer is then immersed in the temp-
erature bath to a level just below the spherical ball and socket joint.
This joint is sealed with De Khotinsky cement (to avoid overheating the
specimen, melt the cement and transfer it with a spatula.) If the ball
and socket joint has been fitted properly, this step is not necessary, but
in the event of a leak, it will prevent the mercury from spilling into
the bath. After smoothing out the De Khotinsky cement, place a laboratory
C-clamp over the joint and tighten. Immerse the dilatometer to the bulb
index and permit the system to fill with mercury. Insure that the specimen
does not adhere to the side of the bulb leaving a vacant volume in the
bulb. If the system is not vacuum tight, air bubbles will appear in the
mercury- filling capillary section. This can usually be corrected by
23

tightening the spindle of the Kern-Exelo stop-cock. Permit the mercury
to fill the bulb and capillary completely before securing the vacuum.
With the vacuum removed and the temperature bath set at a selected level,
allow the mercury to seek its own level; inspect the system carefully to
insure that there are no bubbles on the glassware.
Set the cathetometer to the meniscus, taking observations every 15
minutes until there is no appreciable movement of the mercury in the cap-
illary. Connect a small pressure bulb to the capillary and adjust the
meniscus to the bulb index; close the Jhercury-filling stop-cock making
sure that the channeled portion of the stop-cock is connected with the
mercury reservoir. Continue the cathetometer observations of the meniscus,
adjusting the level as necessary until satisfied that the system has reached
equilibrium. This operation will take at least an hour or longer, de-
pending largely on the specific heat of the sample. With the meniscus
adjusted to the bulb index, remove the hose connection to the top of
the capillary and replace with a small drying tube; this will prevent acc-
umulation of moisture in the capillary. Remove the mercury reservoir by
detaching it from the hose connection; manipulate the hose connection to
remove as much excess mercury as possible.
Record the position of the capillary index and proceed with ad-
justment of the temperature and observation of, the meniscus over the
selected portion of the caoillary. Allow sufficient time at each temp-
erature for the system to each equilibrium. As a basis for estimate,
15 minutes was sufficient for a 1° C change. Inspect the water level at
periodic intervals and keep it up to the bulb index,
A water bath was used for the tests; regulation will be adequate up
2U

to 50° C, but beyond that point the meniscus will not settle out. Beyond
50° C the water bath will have to be replaced with oil or insulated
sufficiently to decrease heat losses.
Once commenced, the determination must be carried through to com-
pletion without interruption. If the apparatus is permitted to cool and
then reheated, it will require at least an additional 2h hours for the
system to readjust to equilibrium.
The final step must be conducted with care or the entire run will
be lost. This step is the volume determination of the sample. The
volume of the sample at the end of the run will not be the same as it
was at the start; it will not suffice to refill the specimen bulb with
mercury should any be lost during the final step.
The dilatometer is removed from its supports and inverted. A finger
placed over the capillary will prevent the mercury from changing position
while the excess mercury in the filling connection is removed. Collection
of the mercury from the capillary and specimen bulb can be accomplished
by loosening the Kern-Exelo stop-cock slightly. When the bulb has drained,
there will still be some mercury in tie filling connection, capillary.
This can be removed by placing the dilatometer in its normal position
and applying vacuum to the system, with the Kern-Exelo slightly loosened.
When all the mercury has been drawn into the bulb proper, the spherical
joint can be broken. If the glassware, specimen and sample were clean,
all of the mercury can be removed easily. Do not reuse this mercury.
Close and seal the system immediately after removing the specimen.
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